Silicon PIN diode radiation sensors and CMOS readout circuits were designed and fabricated in this study. The PIN diodes were fabricated using a 380-μm-thick 4-inch n+ Si (111) wafer containing a 2-kΩ·cm n-thin epitaxial layer. CMOS readout circuits employed the driving and signal processes in a radiation sensor were mixed with digital logic and analog input circuits. The primary functions of readout circuits are amplification of sensor signals and the generation of the alarm signals when radiation events occur. The radiation sensors and CMOS readout circuits were fabricated in the Institute of Semiconductor Fusion Technology (ISFT) semiconductor fabrication facilities located in Kyungpook National University. The performance of the readout circuit combined with the Si PIN diode sensor was demonstrated.
INTRODUCTION
The detection of excessive radiation has attracted world-wide attention since the occurrence of nuclear plant accidents such as Japan's Fukushima nuclear crisis. Some radiation energy is very fatal and can seriously damage human organisms and/or electronic systems. Therefore, for quick detection and establishment of countermeasures against radiation incidents, a compact and portable radiation detection system used on-chip technology must be developed.
Radiation detection systems are typically used in harsh environments such as space shuttles, x-ray generators, aircrafts, weapon systems, and medical systems. Radiation sensors have been taken advantage of semiconductors as the basic materials [1] [2] [3] . Moreover, the detection efficiencies of both compound semiconductors and Si devices have been studied extensively [4] [5] [6] [7] . Because compound semiconductors have variable bandgaps, diverse wavelength sensing applications are available [8, 9] . Moreover, space charge accumulation and charge-carrier trapping that lower optical responsivity in compound semiconductor sensors can be mitigated by using silicon [6, 10] .
Therefore, in this study, we adopted a Si PIN diode for a radiation sensor connected to CMOS ROIC (readout circuit).
Different analog and digital readout circuit signals transferring
diode signals to subsequent signal process steps have been developed. In this study, we employed a fast signal processing circuit and low-power consumption logic for the successful operation of the readout circuit. The CMOS ROICs were fabricated in ISFT CMOS fabrication facilities of Kyungpook National University.
EXPERIMENTAL

Si PIN diode fabrication
The fabrication process flow of a PIN diode is shown in Fig. 1 . PIN diodes were fabricated using a 380-um-thick 4-inch n+ Si(111) wafer having a resistivity of 0.004~0.008 Ω·cm and containing a 2-kΩ·cm n-thin epitaxial layer. Masks used for diode fabrication consist of LOCOS, ion implantation for p+ and guardring regions, and contact open processes for metallization.
Initially, active region isolation between devices was performed using the LOCOS process. Subsequently, boron ions were implanted in the p+ and guard-ring regions at 50 KeV with a dose of 1×10 TiN/Al (30 nm/300 nm) anodes were deposited using a metal sputtering process followed by selective etching. In addition, for the rear cathode, Ti/Al (30 nm/300 nm) metal layers were formed with an electron-beam evaporator. Finally, an RTP process was performed to improve metal adhesion.
The device structure and photograph of the fabricated PIN diode are shown in Fig. 2 . The final 2 mm diameter rounded shape of the PIN diode was achieved several rounds of experiments. The gap between the devices namely the width of the LOCOS regions is 1 mm from edge of the 50-µm-wide guard-rings. The fabricated devices were diced with a saw blade and a laser cutting system for inspecting leakage current on the side-walls. Thereafter, the fabricated diodes were packaged in TO-cans for the long-term stabilization and measurement of radiation effects.
CMOS readout circuits design and fabrication
The CMOS ROIC used for driving and signal processing in the radiation sensor was mixed with digital logic and analog input circuits. The primary functions of readout circuits include sensor signal reading and warning signal or system shut down signal generation when an excessive energy radiation excess status occurs. In addition, the signal processing circuit includes a pulse timer circuit to enable the re-operation of a system after the warning signal disappears, which is an auxiliary function of the electronic system reset. A set-reset (SR) latch that provides a flag signal was used for indicating that a radiation has been sensed.
The readout circuits have been referred to as a radiation-event detector (RED) in this paper.
The block diagram of the digital part of the RED readout circuit is shown in Fig. 3 , and the functions of the circuit are listed in Table 1 
Circuit simulation
The simulation results of the CMOS readout circuits are shown in Fig. 4 . When the RECO is produced, the RF and RO signals are immediately generated. The external clock signal of the timer clk1M is divided into divi2, divi5, divi10b, and divi10 for the control of the timer circuits. When the divi10 and the SYNCO [3] of the external reference "0009" signal match, the comat will be generated and RO enters the reset state. When an RFR occurs, all the signals are reset before the RECO signal reoccurs. The NMOSFET and PMOSFET of unit device were designed with a length of 2 µm and width of 40 µm. 
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Fabrication of CMOS circuit
The fabrication process flow of the CMOS readout circuits is shown in Fig. 6 . The CMOS circuits were fabricated on 6-inch p- 
Measurement of electrical characteristics of PIN diode
The electrical characteristics of the fabricated PIN diodes were measured in the dark at room temperature. The top of the diode anode in direct contacted with probe tip, and rear of the diode cathode was connected through aluminum paste and plate. The reverse-bias voltage.
Measurement of radiation response characteristics
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Yu-mi Kwon, Hee-Sung Kang, Jung-Hee Lee, and Yong Soo Lee value to ensure the stable operation of the PIN diode as radiation sensor.
Response to radiation
The photocurrent of the PIN diode generated by pulse gammaray irradiation at an output node was investigated. Peak voltage detection method was used at load resistance. The delay time measured between input and output signal was measured to be . This delay is not related to the diode characteristics because the fabricated diode has an extremely low capacitance. In addition, the acquired output voltage of 7.43 V is sufficient for high driving in readout circuits.
Experimental results of readout circuit
The electrical characteristics of the test patterns such as TLM, capacitor, NMOSFET, and PMOSFET were measured in a shielded test-box using HP-4156 and HP-4284. The sheet resistances of source/drain in each n+ and p+ regions were 100 Ω/□ and 94 Ω/□ evaluated from the TLM and capacitance measurements. The measured sheet resistance of the n+ poly silicon was approximately 300 Ω/□, which was greater than expected.
The contact resistance of the Ti-silicide was also calculated using TLM measurement. The contact resistance adapted silicide process was reduced by one-tenth from 8×10 Thus, the gate insulator which had the low leakage current was satisfactory for the fabrication of the CMOS readout circuit fabrication. 
Measurement of circuit
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Fig. 14 shows the response of the readout circuits. Fig. 14 (a) shows the response of the readout circuits without connection to the Si PIN diode, and Fig. 14(b) shows the combined response of the Si PIN diode and the CMOS readout circuits. In Fig. 14(a) , the RFR input signal was applied at intervals of 80 µs, and the RECO supplied by the FPGA was applied 3 µs after the RFR. When the RECO was applied, the maximum output signals of RO and RF was generated in 3 µs through SR latches. In addition, RO was owing to a fixed "1001" reference counter signal generated after 75 µs. When the RFR signal was applied, the RO signal was maintained until the comat signal generated, as shown in the figure. Fig. 18(b) shows the signal output of the RED circuits connected with the PIN diode. In this case, an LED was used in place of high energy gamma-ray irradiation. The output voltage of the PIN diode was approximately 3 V once the LED irradiated the PIN diode. The RECO signal was constant at a high level as long as the LED was irradiating the RED. When the RECO was applied, a rising time of 700 ns was observed in the RO signal response.
CONCLUSION
This research focused on the fabrication of a Si PIN diode as a radiation detector and the implementation of a readout circuit with the detector. The readout circuits were designed for the generation of radiation alarms when a certain amount of radiation incidents occur. Further, by adding a signal processing circuit, the total amount of radiation rate could be evaluated.
The Si PIN diode was fabricated with a Si epitaxial wafer with a maintainable low full-depletion voltage because of comparably thin epitaxial layer. The thickness of epitaxial layer was optimized to minimize the variation in performance. Thus, the PIN diode could be operated stably when exposed to high energy radiation incidents.
The readout circuit connected to the Si PIN diode generated processing signals, which were then sequentially transferred to the readout circuit, sequentially. In conclusion, the feasibility of onchip radiation detectors containing a silicon readout circuit, which was fabricated in the ISFT facility of Kyungpook National University, is demonstrated. 
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